The relationship between liquid crystal orientational ordering and optical diffraction properties is investigated for a two-dimensional square photonic lattice fabricated in a polymer-dispersed liquid crystal (PDLC) composite. Modifications of the nematic director field in the liquid crystal domains were induced by an external applied voltage and by heating over the nematic-isotropic (N-I) phase transition. They were studied by optical polarization microscopy and by analysing far-field optical diffraction patterns. The intensities of various diffraction orders (from the zeroth up to the eighth diffraction order) were monitored with a CCD camera, and their variations were correlated with the modifications of the director field.
Introduction
The development of new photonic band-gap materials is essential for further progressing of optical signal processing technologies. The fabrication of photonic crystals from inorganic materials has more or less already reached a mature state of evolution [1] . However, inorganic structures typically lack the possibility of active modification and switching, which are prerequisites for many basic photonic elements. Recent efforts are therefore focusing on tunable structures that permit one to change the optical properties continuously and reversibly. Liquid crystalline (LC) materials are ideally suited for this purpose. Being well known for their extremely large electrooptic response, utilized in various LCD devices, they provide a number of outstanding features for the fabrication of tunable photonic band-gap structures [2] . Composites with remarkable properties can be achieved by incorporating liquid crystals into photopolymer networks. Various photonic architectures can be realized in such composites by the holographic lithography technique, which represents a fast and relatively simple way for fabrication of 1D, 2D and 3D photonic crystals [3] [4] [5] .
The fabrication of photopolymer-LC composites known as holographic polymer-dispersed liquid crystals (HPDLCs) starts from a homogeneous mixture of the photosensitive monomers and LC molecules. When the mixture is exposed to an optical interference pattern, photopolymerization takes place more rapidly in the regions of higher optical intensity. Consequently the monomers diffuse to the bright regions and the LC molecules accumulate in the dark areas of the interference pattern. At a specific level of photopolymerization, the miscibility of the constituents breaks down and LC molecules accumulated in the dark areas phase separate from the polymer network. This process results in the formation of optical grating structures with maximum refractive index contrast n in the range of 0.1. The magnitude of n can be tuned by an external electric field that causes reorientation of the birefringent LC material and consequently modifies the refractive index mismatch between the polymer matrix and the LC domains [6] [7] [8] [9] . Typical reorientation times are in the range of milliseconds. Due to their electrical switchability, HPDLCs are very promising candidates for devices such as optical interconnects, beam steering elements, switchable optical resonators, image capture elements, and mirrorless lasers, as well as various kinds of display devices [10, 11] .
Due to the birefringence of LCs, the optical diffraction properties of HPDLCs depend not only on the size and the shape of the phase-separated LC domains, but also on the liquid crystal orientational structure within the domains. The later is described by the nematic director field n(r), which gives the orientation of the optical axis at various positions within the domains. The profile of the director field is strongly coupled to the morphological and interfacial properties of the polymer network. In addition, it also depends on the temperature and electric field. For 1D HPDLC gratings it is generally found that n(r) exhibits a strong preferential alignment along the grating vector K g . As a result, optical diffraction from these gratings strongly depends on the polarization state of the incident beam [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In contrast to 1D gratings, the structure of n(r) in 2D and 3D HPDLC lattices is practically unknown [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . One of the reasons is that for lattice vectors in the range of the wavelength of visible light, which are the most interesting for applications, the LC domains are so small that their internal orientational profile cannot be resolved by usual optical polarization microscopy methods. Another possibility to deduce the profile of n(r) within the domains is to analyse in detail the intensity of various optical diffraction peaks. However, although this method of structural characterization plays a fundamental role in crystallography, it has practically never been used for the characterization of the unit cell configuration in the HPDLC lattices. To demonstrate that their lattice is electrically tunable, researchers typically probe only the field dependence of a single diffraction peak; they do not make any comparison of intensities and/or modifications of different peaks, etc. Further, when explaining their observations, the profile of n(r) within the LC domains is usually simply presumed [26, 31] .
To resolve the relationship between the director field of LC domains and the optical diffraction properties of 2D gratings in PDLC composites we performed a detailed analysis of the structural and diffractive features of a transverse square lattice with a lattice constant of 13.2 μm. On the one hand, this lattice constant is large enough to permit satisfactory resolution of the internal structure of the LC domains by optical polarization microscopy, and on the other hand it is small enough that the diffraction peaks are well separated from each other. Both methods are employed for a comparative study of field-and temperature-induced modifications of the LC ordering.
Fabrication of the gratings
The samples were prepared from a UV curable emulsion containing 55 wt% of the LC mixture TL203 (Merck), 33 wt% of the prepolymer PN393 (Nematel) and 12 wt% of 1,1,1,3,3,3,3-hexafluoroisopropyl acrylate (Sigma-Aldrich). This composition is similar to the one reported in literature [40] . Standard cells are made from two glass plates covered with transparent indium-tin oxide (ITO) electrodes that are separated by d = 12 μm thick plastic spacers. The cells are filled with the optically isotropic mixture by means of capillary flow. To obtain a 2D square interference pattern, a linearly polarized output beam from an argon ion laser at λ = 351 nm was first expanded, collimated, and then sent through a four-fold glass pyramid [41] . The angle of inclination of the pyramid sidewalls with respect to the base plane was γ = 2
• . The resulting intensity profile I (r) can be described as the interference pattern of four coherent plane partial waves [30] :
where E j is the optical field amplitude, e j the polarization unit vector, and k j the wavevector of the j th wave, while l j represents the initial phase difference between the l jth pair of the waves. When using a pyramid to split one incident beam into four beams, all l j are the same and hence can be taken to be zero. Likewise, all amplitudes E j are the same. The change of the beam direction resulting from refraction may entail a change of the polarization direction. However, for small inclination angles γ this can be neglected. Hence we take e l · e j = 1 for all the pairs and obtain
where E 0 is the field amplitude of the incident beam, k ⊥ ≈ 2π(n G − 1)γ /λ is the transverse wavevector, and n G the refractive index of the pyramid glass. By taking n G = 1.539 (for BK7 glass at λ = 351 nm) and γ = 2 • , equation (2) leads to a 2D square lattice with the lattice constant a = √ 2π/k ⊥ = 13.2 μm that is rotated by 45
• with respect to the coordinate axes. The corresponding lattice pattern is shown in the inset of figure 2.
The intensity of the expanded UV laser beam entering the pyramid was 2 mW cm −2 and recording took place for 300 s. After this the pyramid was removed and the sample was postcured by homogeneous UV laser intensity for 10 min. This ensured that all reactive species in the mixture were polymerized and that the lattice structure of the LC-rich and polymer-rich regions remained stable.
Basic characterization
The optical diffraction properties of the samples were probed with a linearly polarized laser beam from a frequency-doubled CW Nd-YAG laser operating at λ p = 532 nm. The beam was expanded with a collimator and then its central part was filtered out by a diaphragm and passed onto the sample. At the sample the diameter of the probe beam was approximately 0.5 mm. Far-field diffraction patterns were recorded by a black and white CCD camera (Hamamatsu, C4742) with a 10 bit intensity resolution. The images were analysed with Matlab image analysis software. Problems from signal saturation were avoided by taking several series of diffraction peaks, thereby optimally tuning the incident intensity of the probe beam with neutral density filters. The maximal intensity of the probe beam used in the experiments was 1 mW. Figure 1 shows the far-field diffraction pattern as observed on a white screen placed behind the sample. A huge number of diffraction peaks can be noticed. This is to be expected since the grating has only a moderate thickness (d ∼ a) and a large refractive index contrast with n of the order of magnitude of λ p /d, i.e., diffraction takes place in the Raman-Nath regime [42] .
The orientational structure of the LC-rich regions was investigated with an optical polarization microscope (Nikon, Optiphot). Figure 2 shows a typical image observed at the largest available magnification (400×) using diascopic illumination with broadband white light. The dark circular sections are polymer pilasters, while the structured areas are LC-rich regions. The latter exhibit a very irregular structure with numerous domains that show up as different colours. For a more detailed analysis of the voltage-and temperature-induced modifications of the LC orientation, polarization microscopy imaging was performed with a narrow illumination band in the spectral range of 500-560 nm. The images were recorded with the same CCD camera as used for the optical diffraction pattern analysis.
To resolve the structure of the polymer network one of the cells was broken up and the LC compound was removed from the lattice by dipping the material into isopropyl alcohol. The progress of the removal process was inspected by optical polarization microscopy and was terminated when the sample appeared black under crossed polarizers. The topography of the remaining polymer film was probed by atomic force microscopy (AFM). The AFM images were taken in the tapping mode using a Digital Instruments NanoScope device. Figure 3 shows the structure of the 50×50 μm 2 sample region. Periodically arranged pilaster-shaped regions of the polymer are clearly evident. No porous or droplet-like morphology, which is often observed in HPDLC structures, is present.
Electric field-induced modifications
To probe the effect of an external electric field on structural and diffraction properties of the lattice, a 1 kHz square-wave voltage in the range of 0-40 V RMS was applied to the ITO electrodes. The diffraction efficiency η of various diffraction peaks was measured as a function of the voltage amplitude U . The notation of various diffraction peaks is marked in the inset of figure 4(a) , where we now use the crystallographic coordinate system. The diffraction efficiency is given as a ratio between the intensity of the light diffracted from the Figure 4 shows the voltage dependences of average values of η M N for ten families of diffraction peaks { M N }. For instance, the data given for the family {10} were calculated as η {10} = (η 10 + η 01 + η¯1 0 + η 01 )/4, while the family denoted as {00} corresponds to the transmitted beam. The diffraction efficiency of the {00} and {10} peaks increases with increasing voltage; the efficiency of the {11} and {20} peaks exhibits a minimum at U = 16 V ( figure 4(a) ), while the efficiency of all probed higher-order peaks decreases with increasing voltage ( figure 4(b) ). The main part of the modifications takes place in the region 10 V < U < 20 V.
In the optical polarization microscopy analysis the polarizer was oriented such that the incident light had the same polarization direction as the probe beam in the diffraction experiments, namely along the vertical axis (yaxis) in figures 1 and 2. The analyser was set perpendicular to the polarizer. The lower series of figure 5 shows a set of polarization microscopy images taken at different applied voltages. Magnified regions of the 40 × 40 μm 2 sample area are displayed in the corners. The grey circular spots that can be observed in the image captured at U = 38 V are the polymer pilasters. They presumably appear grey because of the light scattering. For U < 20 V the space around the pilasters starts to become bright and grain-patterned. With further decrease of the voltage this pattern propagates towards the centre of the LC-rich areas, and finally, at U ∼ 0, the entire space between the pilasters becomes structured. For comparison, the upper parts of figure 5 show the far-field diffraction patterns observed for the same voltages.
Temperature-induced modifications
The TL203 nematic liquid crystal mixture has a nematicisotropic (N-I) phase transition at 77 • C. To investigate the effect of the phase transition on the lattice, the sample was mounted in a heating stage (Instec MK1) and heated up to 55
• C. Then its temperature was further raised up to 75
• C in steps of 0.5 • C. After each step we waited for 2 min to attain temperature stabilization and then the farfield diffraction pattern was recorded. As these measurements were quite time consuming, we analysed only the lower-order diffraction peaks. Figure 6 shows the temperature dependences of the diffraction efficiency η for the {00} peak (transmitted beam) and for the {10}, {11} and {20} peaks. The results obtained during heating and subsequent cooling are shown. The phase transition of the LC domains to the isotropic phase is presumably completed at 70
• C, which is significantly below the bulk transition temperature of the pure LC material. This effect is very usual in HPDLC structures and is attributed to the presence of polymer species and other impurities within the LC domains. It is interesting to note that the diffraction efficiency of the {10} diffraction peaks practically does not 'feel' the transition at all. The other diffraction orders exhibit a non-monotonic behaviour as a function of temperature.
Observations with optical polarization microscopy reveal gradual modifications of the orientational structure of the LC-rich regions. The lower parts of figure 7 show a set of polarization microscopy images taken at different temperatures. Magnified regions of the 40 × 40 μm 2 sample area are displayed in the corners. The grey circular spots that can be seen in the image captured at T = 75 • C are again polymer pilasters. They can be located also at lower temperatures. With increasing temperature the LC material starts to melt from the interface regions with the polymer pilasters. At T = 68.5
• C, for instance, only a small central part of the LC regions is still birefringent, while the rest of the LC material is already in the isotropic phase. With further increase of the temperature these small islands also vanish, and finally only polymer pilasters can be resolved. The upper parts of figure 7 show far-field diffraction patterns observed at the same temperatures.
Discussion
A first essential finding of our investigations is the very inhomogeneous structure of the nematic director field n(r) in the LC-rich regions of the lattice. Numerous small domains of different orientation separated by sharp defect lines and/or walls are evident in the polarization microscopy images (figures 2, 5 and 7). One can also notice that the details of the domain structure considerably vary from one unit cell to another. As n(r) has no preferential orientation, the average refractive index of the LC-rich regions can be described by the orientationally averaged refractive index of the nematic phase, n LC .
To estimate the value of n LC , data on the refractive indices of the constituents are needed. The TL203 nematic liquid crystal mixture is composed of pentyl cyanobiphenyl (5CB) mixed with fluoro-and chloro-substituted mesogens and has a positive optical anisotropy with n a = n − n ⊥ = 0.201, where n ⊥ = 1.529 is the ordinary and n = 1.730 is the extraordinary refractive index. Consequently, the average refractive index of TL203 in the nematic phase is n TL,N = (2n 2 ⊥ + n 2 )/3 = 1.599. However, as LC-rich regions in the HPDLCs always contain some parts of the polymer, the value of n LC is very probably lower than n TL,N . The prepolymer system PN393 is an ethylhexyl acrylate (EHA) based mixture with a refractive index n p = 1.473 (cured material) (all the data are given for λ D = 589 nm). So the refractive index difference between the polymer-rich and LC-rich regions of the lattice is expected to be n 0.12, which for a 12 μm thick sample results in the phase difference ϕ 5.4π . For that reason, even if we are considerably below the maximal possible value of ϕ, the diffraction effects are very profound ( figure 1) .
When the sample is heated above the N-I phase transition temperature, nematic domains 'melt' into the optically homogeneous isotropic phase ( figure 7) . The refractive index of the LC materials in the isotropic phase is in general practically equivalent to the orientationally averaged refractive index of the nematic phase. Therefore the average value of n between the LC-rich and polymer-rich regions remains the same. This can explain our observation that the diffraction efficiency of the {10} family of diffraction peaks practically does not change at the phase transition temperature (figure 6). In contrast to the {10} peaks, other diffraction orders are more sensitive to the internal profile of the LC-rich regions, and consequently their diffraction efficiency exhibits larger modifications at the phase transition.
The application of external voltage has a similar effect on the LC domains as heating to the isotropic phase. By increasing the voltage amplitude U , larger and larger areas of the LC-rich regions reorient so that their director field n(r) is parallel to the applied electric field, which means perpendicular to the x y plane of the lattice (figure 5). For U > 20 V the LC-rich regions become optically homogeneous and can be described by the ordinary refractive index of the LC phase n o , which is expected to have a value close to n ⊥ of the TL203 mixture. According to this, the average value of n between the LC-rich and polymer-rich regions is expected to decrease from n 0.12 at U = 0 to n 0.06 at U > 20 V. Consequently the diffraction efficiency of the {10} peaks should reduce for about a factor of 2, but our results surprisingly show that the value of η for the {10} peaks actually increases, not decreases, with increasing voltage (figure 4). This apparent contradiction can be explained by the fact that in the same process the intensity of the transmitted beam (peak {00}) increases by nearly 300%, which is far more than in the heating experiments. So, there is simply more intensity 'available' also for the {10} peaks. It is therefore more relevant to consider the ratio η rel = (η 10 /η 00 ), which decreases from η rel ∼ 1 at U = 0 to η rel = 0.33 at U = 38 V.
With increasing voltage the multidomain orientational structure of the LC-rich regions homogenizes. This means that there are increasingly fewer variations and irregularities on length scales significantly lower than the lattice constant a. As a result, the diffraction efficiency of the higherorder diffraction peaks is expected to decrease. This effect is clearly evident in figure 4(b) , which reveals a profound decrease of η for all the peaks from the {30} to the {80} family. The profound field-induced decrease of the intensity of higher-order diffraction peaks was also reported for some other 2D HPDLC structures, but was not quantitatively analysed [30, 33] .
The reasons why the system prefers formation of a multidomain LC orientational structure can be manifold. One of the possibilities is too fast approaching of the miscibility breakdown during holographic recording, due to which several polymer voids remain in the LC-rich regions and consequently cause the formation of defects [43] . During preparation of the sample for AFM imaging these voids might be removed from the lattice together with the LC material and are hence not seen in the AFM images ( figure 3 ). Another possibility is frustration due to boundary conditions. As mentioned in section 1, it is known that in 1D gratings n(r) exhibits a tendency to align along the grating vector, which leads to frustration in 2D and 3D lattices. In any case, the fact that the optical properties of the sample show very similar variations during heating to the isotropic phase and a subsequent cooling signifies that the domain structure is not random, but imposed by the polymer network ( figure 6 ). The observation of a multidomain structure analogous to the one observed in our samples was recently reported for a 1D grating fabricated from the acrylate based mixture combined with a ferroelectric liquid crystal (HPDFLC) and was attributed to the ferroelectricity of the smectic C * phase [44, 45] . However, our findings suggest that a multidomain structure of the LC-rich regions might be a general feature of the acrylate based HPDLCs with grating periodicities in the range of several micrometres. For structures with lower grating periodicities there is no information on the LC orientation, but observations of a strong reduction of the intensity of higher-order diffraction peaks in applied external field can also signify profound inhomogeneity of the director field n(r) at lower grating periodicities [30, 33] . One should therefore be careful when presuming a homogeneous configuration of n(r) within the LC-rich channels of the 2D HPDLC lattices.
Another observation that we would like to point out is the gradual modification of the orientation of the LC-rich regions. When the voltage amplitude is increased, dark regions of the sample signifying n(r) reoriented along the direction of the field at first appear in the centres of the LC-rich regions and then reorientation progresses towards the interface with polymer pilasters (figure 5). During heating of the sample, the behaviour is just the opposite. The phase transition to the isotropic phase starts at the interface and progresses towards the central parts ( figure 7 ). These observations show that the degree of liquid crystal ordering at the interface with the polymer-rich regions is considerably lower than in the central regions of the LC-rich domains.
The last finding that we would like to comment on is the reduced symmetry of the structure with respect to the interference pattern used for holographic recording (equation (2)). In the far-field diffraction pattern the peaks have symmetric positions as expected for a square photonic lattice (figure 1). The four peaks of the {10} family also have very similar intensities, while the peaks of the {11} family show a profound anisotropy. The upper (11) and lower (11) peaks in general have significantly higher intensities than the left (11) and the right (11) peaks (for notation see the inset of figure 4 (a)). The difference can be up to 30%. This feature is evident in figure 1 as well as in figures 5 and 7. The unit cells of the square lattice therefore exhibit only a two-fold symmetry. This finding is not unusual at all. Large differences in the intensities of diffraction peaks of the same family {NM} are evident in the images of diffraction patterns of 2D HPDLC lattices shown in the literature, but the authors mostly do not give any comments on the origin of this asymmetry [29, 30, 38] .
Several phenomena might be responsible for breaking of the symmetry. One of them is the flow-induced effects related to filling of the cells with the use of capillary flow. The second might be gravity effects, which can asymmetrically influence the photopolymerization reaction in the case that the sample is placed in a vertical position during holographic recording. Another possible reason is the use of a linearly polarized light during the recording. Even if the intensity profile I (r) of the recording field has a four-fold symmetry, its linear polarization can cause asymmetric photopolymerization rates and/or induce preferential alignment of the LC molecules. This effect is known as a photoalignment effect [46, 47] . Additional studies are in progress to resolve the origin of the symmetry breaking in the fabrication procedure of our samples.
The above discussion is still very qualitative. For a more quantitative explanation of the observed modifications one should construct a suitable multidomain model of the nematic director field n(r) and calculate the optical diffraction from the resulting HPDLC lattice in the framework of the appropriate (presumably Raman-Nath) diffraction theory. Theoretical predictions should then be combined with detailed experimental analysis, probing several families of diffraction peaks at various wavelengths and/or analysing optical polarization microscopy images for many different orientations of the polarizer and analyser with respect to the lattice directions. Besides this, as usual for HPDLCs, many phenomena found for our LC-polymer mixture might not be present when using other material compositions and/or holographic exposure parameters. Nevertheless, our investigations might be viewed as a first step towards some more extensive-crystallography-like-characterization of the unit cell structure in 2D and 3D HPDLC lattices.
Conclusions
We have performed a comparative study of the electric fieldinduced and temperature-induced modifications of the nematic director field in the LC-rich regions of a 2D square HPDLC lattice by combining optical diffraction experiments and optical polarization microscopy imaging. At room temperature and zero voltage the observations indicate a multidomain orientational profile with a profoundly inhomogeneous degree of liquid crystal ordering, which is gradually transformed to a homogeneous structure when the sample is exposed to an increasing external applied field or to slow heating to the isotropic phase. The analysis also reveals a square photonic lattice that, however, exhibits only a two-fold symmetry of the unit cell. Despite the fact that our findings were obtained by investigation of a structure with a relatively large lattice distance, many similarities can also be expected in 2D HPDLC lattices with lower grating periodicities.
